The interlinking converter in an AC/DC hybrid microgrid plays a crucial role in the stable operation and power allocation of power system. A bidirectional droop control method for the converter is proposed, which measures the power demand degree of AC subgrid and DC subgrid according to AC bus frequency and DC bus voltage respectively, and determines the direction and magnitude of the converter transmission power. Two droop control modules, DC voltage-active power and AC frequency-active power, are included in the control structure. The power reference value of the converter is achieved from the output subtraction of two modules. Meanwhile, to reduce the deviation of voltage and frequency caused by droop control, a recovery control is designed to improve the power quality and the reliability of the hybrid microgrid. The bidirectional droop control can accurately coordinate the power transmission between AC sub-grid and DC sub-grid and make full use of the distributed energy. The feasibility of the control method is verified by a simulation system built with DigSILENT. 1
INTRODUCTION
With the increase of DC load such as electric vehicles, AC/DC hybrid microgrid has been rapidly developed.AC/DC hybrid microgrid with AC source and DC source is able to supply both AC and DC loads. It increased the power distribution flexibility and maximized utilization of distributed energy [1] . Due to the variety of distributed sources and the complicated operation modes of microgrids, the AC/DC hybrid microgrids are greatly different from the traditional power systems in terms of control and simulation modeling [2] [3] . The DC / AC converter that control AC and DC power conversion in hybrid microgrid is called interlinking converter(IC). On the one hand, the IC needs to manage bidirectional active power flow between two subgrids [4] , and control the transmission of energy between the AC and DC subgrid. On the other hand, to the subgrids on both sides of the IC, the IC presents both power and load characteristics at each moment. The effective control of the IC directly affects the stable operation of AC/DC hybrid microgrid and the coordinated distribution of AC and DC power.
IC control methods include constant voltage control [5] [6] [7] , droop control [8] [9] [10] [11] [12] and so on. The constant voltage control strategy is simple and easy to implement, but the transmission power of the IC is not controllable [13] . Parallel operation of multiple ICs will generate a circulating current that easily causes equipment damage in the microgrid. The droop control simulates the frequency modulation characteristic of the generator, making it easy to distribute the load evenly. It gradually becomes the mainstream of the IC control method [14] [15] . A droop control based on DC voltage-active power coupling (U dc-P ) is proposed in [16] . When the DC load increases and the DC voltage drops, the IC increases the transmission power to the DC side to improve the power supply reliability of the DC grid. But it is not sensitive to changes in AC load. An AC/DC bidirectional droop control strategy suitable for AC/DC hybrid microgrid is proposed in [17] , which can reduce the frequent operation of the converter. A virtual coordinate transformation droop control strategy is proposed in [18] . A droop based on AC frequency-active power (f-P) and AC voltage-reactive power (U-Q) is proposed in [17] [18] . As the AC load decreases, the AC power delivered by the IC increases, but this control is insensitive to changes in the DC load. Two kinds of approximation bidirectional droop control method of IC are proposed in [3] , [19] . However, the control is complicated and does not consider the droop control of the DC bus voltage and AC bus frequency drop, reducing the control reliability.
In order to achieve a suitable load distribution between DC power supply and AC power supply, this paper proposed a bidirectional droop control based on DC voltage-AC frequency-active power (U dc-f-P ). The IC increases the active power to the DC side when the DC load of the microgrid increases, and increases the active power to the AC side when the AC load increases. Aiming at the drop of DC bus voltage and AC bus frequency caused by droop control, a recovery control strategy is designed to improve the stability of microgrid. The simulation model was constructed by DigSILENT, which verified the correctness of the control strategy.
BASICDROOP CONTROL METHOD
Typical structure of AC/DC hybrid microgrid [1] is shown in Figure 1 .The microgrid mainly consists of AC subgrid, DC subgrid and IC. There can be multiple ICs and multiple DC subgrids. Microgrids are connected to the AC grid via a point of common coupling (PCC).The DC bus and the AC bus are connected to the IC, and S1 is the switch on the AC side of the IC. Distributed generations (DGs), energy Droop control of DG simulates power frequency static characteristics of generating [1] , and can make adjustments to the operating status by monitoring the IC local signal without communication facilities [17] . Droop control based on frequency-active power (f-P) and voltage-reactive power (U-Q)coupling, and droop control based on DC voltage-active power (Udc-P) are commonly used.
F-P and U-Q Droop Control
F-P and U-Q droop control takes the measured value of frequency and AC voltage as the inputs, and calculates the active and reactive power reference values to control the IC. Its drooping characteristic is shown in Equation (1)
where, P and Q are the value of active and reactive power respectively (from DC side to AC side are positive direction); 0 P and 0 Q are the rated power of IC, 0 Q is set 0;f and U are the frequency and voltage of AC bus; 0 f and 0 U is the rated frequency and voltage of AC bus; 1 K and 2 K are the frequency and voltage droop coefficient respectively.
Droop coefficient can be obtained by Equation (2)
Where, max P is the maximum active power of DG; min f is the minimum frequency allowed; max Q is the maximum active power of DG; min U is the minimum voltage allowed.
Udc-P Droop Control
Udc-P droop control take the DC bus voltage of the converter as input.The drooping characteristic is shown in Equation (4) [16] .
Where, dc U is the voltage of DC bus, dc0 U is the rated voltage;Kd isthe droop coefficient.
BIDERECTIONDROOPCONTROL
The influence of AC and DC on the active power of IC is considered in the droop control of f-P and Udc-P separately. The influence on the power flow can be considered at the same time. The IC can control the AC and DC power transmission more accurately and realize the full utilization of the distributed energy. This paper proposes a bidirectional droop control method which takes the DC bus voltage and AC bus frequency in to account for the distribution of active power.
The active power of each subgrid should meet the following relationship while the AC/DC hybrid microgrid operation stably:
Where, k is subgrid number; Pg_k is the active power flowing into the subgrid from the connected distribution gridwork, equaling to 0 in isolated mode; I_k P is the active power flowing into the subgrid through the IC; s_k P is the active power of the DGs and ES in the subgrid; L_k P is the active power load in the subgrid.
I_k P reflects the imbalance of local power supply and demand in the subgrid and is an important factor in determining the direction and size of the transmission power of the IC.When the load or power running changes, the system power flow changes, which will result in DC bus voltage or AC bus frequency changes. Therefore, I_k P is adjusted according to the bus status to reach a new steady state of the grid.
Control Principle
Bidirectional droop control uses AC bus frequency and DC bus voltage as inputs to control the active power flowing of the IC(The positive direction is from the DC side to the AC side).Bidirectional droop control consists of Udc-f-P droop loop and power current loop. IC is voltage source converter. Bidirectional droop control structure is shown in Figure 2 .
Where, iUVW is AC current; uUVW is AC voltage; 
Assuming that multiple inverters operate in parallel, it is necessary to consider the DC subgrid or the AC subgrid as a whole different from equations (2)-(3).while each load is evenly distributed according to capacity of IC, the droop coefficient of the nth converter can be determined by Equations (13)-(14), and the droop characteristic of the nth converter can be seen in Equation (15) , power shortage of subgrids on both sides of IC is quite the same, and there is no power flow through the IC.Bidirectional droop control allows power to flow to subgrids with less supply. Whether load changes occur on the DC or AC side, the AC and DC power sources share the load variation together to achieve a rational use of energy. With the same network and droop coefficient, based on the traditional f-P and U-Q droop control strategy, the transmission power curve of the IC is shown in figure  5 .
DC Voltage and AC Frequency Recovery Control
As can be seen from Figure 4 , when t=5 s, the DC voltage drops to 0.686 kV, the AC frequency drops to 49.97 Hz and the transmission power increases to 0 MW. When t=10 s, load of DC side increases, the DC voltage drops to 0.671 kV, the AC frequency drops to 49.96 Hz, and the transmission power drops to -0.04 MW. When the AC load increases, the power from the IC to the AC side increases. When the DC load increases, the power from the IC to the DC side increases, achieving coordinated power distribution on both sides of the AC and DC sides.
As can be seen from figure 5 , the traditional droop control is insensitive to DC load fluctuations and the transmission power of the IC does not change significantly. Therefore, it can be seen that it does not have the function to regulate the power distribution of the DC grid.
As shown in Figure 4 , the recovery control is started at 15 s, the frequency does not exceed the threshold, and the DC voltage has exceeded the lower threshold. Under the voltage recovery control, the DC voltage is restored to 0.68 kV; the transmission power of the ICreaches -0.20 MW, proving the effectiveness of recovery control. The effect of secondary control makes the system fluctuate at about 15 s. As the DC side of the load changes larger, DC voltage offset increases. In order to restore the stability of the DC voltage, the transmission power of the IC adjust, which has a great impact on the frequency and voltage of the microgrid. This may result in both voltage and frequency being below or above the allowable value due to power imbalance in the system. Therefore, when the load fluctuates greatly or the voltage and frequency are limited simultaneously, it is necessary to adjust the output power of DGs while adjusting the power of the IC, so as to ensure the active power balance. To sum up, the bidirectional droop control can make the output power of the IC flow to the side where the active load increases. Traditional droop control is sensitive to only one side of the electrical signal, making it impossible to regulate the power balance on both sides at the same time. When the DC voltage or AC frequency exceeds the allowable value, the recovery control will supplement the reference power to restore the DC voltage or AC frequency within the allowable range.
CONCLUSIONS
In this paper, a bidirectional droop control method for AC/DC hybrid microgrid is proposed and a calculation method for its droop coefficient is given. Different from the traditional droop control, the bidirectional droop control comprehensively determines the working status of the IC referring to the DC and the AC bus signal at the same time. It adjusts the power flow of microgrid, makes full use of the distributed energy and improves the reliability of the power supply. A recovery control strategy to avoid AC frequency and DC voltage drop caused by droop control was proposed. The control method of this paper is modeled and simulated by DigSILENT, which proves the feasibility of bidirectional droop control and recovery control method.
